Purpose IKKα has been recently identified as a key mediator of the inflammation and metastasis in prostate cancer. In the present study, we intend to silence the IKKα expression in prostate cancer cells using synthetic siRNAs and examine their biological effects on tumor cell invasiveness and growth. Methods Three synthetic siRNAs targeting different regions of the IKKα mRNA were designed, and the silencing effect was determined in PC-3 and DU145 cells. Numerous studies, including wound-healing assay, migration assay, invasion assay, cell attachment assay, cell proliferation, and cell cycle analysis, were conducted to investigate the biological effects of the IKKα siRNAs on prostate cancer cells. Results We have identified potent siRNAs that can silence the IKKα up to 74%. Inhibition of IKKα reduced the wound healing, migration, invasion and cell attachment capabilities of prostate cancer cells. Similar anti-invasive effects were also observed in the presence of RANKL. However, silencing of IKKα only showed a negligible effect on cell proliferation and cell cycle distribution. Conclusion This study presents compelling evidence that IKKα plays a major role in prostate cancer invasion and metastasis, but not in cell proliferation. Silencing of IKKα with siRNA may therefore provide a promising therapeutic strategy for prostate cancer patients.
INTRODUCTION
Prostate cancer is the most common male malignancy and the second leading cause of cancer death in American men (1) . It is characterized by an elevated Prostate Specific Antigen (PSA) level in the blood and urinary dysfunction, and it may also affect sexual function and performance. The current standard treatments include surgery, radiation, and adjuvant hormonal therapy. Although these therapies are relatively effective in the short-term treatment, a majority of patients initially diagnosed with localized prostate cancer ultimately relapse. Therefore, the major risk faced by prostate cancer patients is the development of metastasis, which may cause additional symptoms, including bone pain (often in the vertebrae, pelvis and ribs), weakness in legs, and urinary and fecal incontinence (1) . Intensive efforts are underway to develop therapeutics for the treatment of prostate cancer metastasis. Among all approaches, gene modulation is one of the most promising strategies due to the fact that genomic instability is the hallmark of cancer development.
It is known that inflammation enhances tumor promotion through the NFκB-dependent pathway, and NFκB was found essential for epithelial-mesenchymal transition and metastasis (2, 3) . However, the molecular mechanisms linking inflammation and metastasis are not fully understood. Luo et al. recently found that IκB kinase alpha (IKKα) plays a key role at the crossroads of inflammation and metastasis (4, 5) . IKKα is a member of the IKK family which contains five distinct but closely related members, IKKα, IKKβ, IKKγ, TBK-1 and IKKε. IKKα is preferentially found as a heterodimer with IKKβ, but occasionally may also be found as a homodimer with IKKα. IKKα exerts its prometastatic effect by repressing the transcription of the Maspin gene, which is a putative suppressor of metastasis.
The expression level of Maspin in normal epithelia cells is much higher than that in malignant cells (4) . Infiltrating immune cells express RANKL (Receptor Activator of NFκB Ligand) that binds to its receptor, RANK, on prostate cancers and induces the activation and nuclear translocation of IKKα in prostate tumor cells. IKKα then interacts with the promoter of the Maspin gene and silences its expression, committing prostate cancer to a metastatic fate (4, 5) . Therefore, a selective inhibition of IKKα is expected to inhibit prostate cancer metastasis, which is a major risk for prostate cancer patients (5) .
On the other hand, several lines of evidence have implicated that IKKα plays multiple roles in the regulation of NF-κB and various inflammatory and pathogenic conditions, such as invasion and metastasis of the cancer cells. NF-κB family is composed of RelA, RelB, c-Rel, p50/ p105, and p52/p100. In most resting cells, NF-κB is localized in the cytoplasm in an inactive form which is associated with the inhibitors of Kappa B (IκBs). Upon exposures to inflammatory cytokines, bacterial and viral toxins, and UV light, the IKK complex (IKKα/IKKβ/ NEMO) phosphorylates IκB and leads to dissociation of the IκB/NF-κB complex. This frees NF-κB and allows its translocation into the nucleus to regulate the related gene transcriptions. IKKα affects NF-κB in both of its two pathways (Fig. 1) . As a part of the non-canonical pathway (alternative pathway) of the NF-κB activation, the MAP3K14-activated IKKα homodimer phosphorylates p100 that is associated with RelB, inducing its proteolytic processing to NF-κB2/p52, and formation of the RelB-p52 complexes (6) . Also, it phosphorylates NCOA3 (Nuclear Receptor Coactivator 3) and 'Ser-10' of histone H3 at the NF-κB-regulated promoters during the inflammatory responses triggered by a cytokine (7) (8) (9) . IKKα also activates the canonical pathway (classical pathway) of NF-κB and forms the IKK signalisome complexes with IKKβ and IKKγ to mediate the phosphorylation of IκBα (10, 11) . Knockdown of IKKα has been reported to strongly suppress the basal NF-κB reporter activity and stimulate the CBF-1 reporter activity, hence inhibiting the tumor growth (12) . Nuclear IKK-α is reported to regulate not only NF-κB activity but also other transcription controllers. For example, IKKα activates the estrogen receptor-α downstream target such as cyclin D1 and promotes cell proliferation in breast cancer (13) . It has also been reported that IKKα plays a role in cervical cancer in association with Notch-1, where the knockdown of IKKα by siRNA or its precipitation by antibodies sensitizes the cancer cells to cisplatin-induced apoptosis (12) .
Furthermore, it has been demonstrated that inhibition of IKKα was effective in preventing B-cell maturation and proliferation in mammary epithelial cells without disturbing innate and T-cell-mediated adaptive immune responses. It does not sensitize cells to TNFα-induced apoptosis (14) . Taken together, IKKα is a promising target for prostate cancer therapy. The pharmaceutical industry has under- Fig. 1 Roles of IKKα in NF-κB canonical and non-canonical pathways. IKKα preferentially forms heterodimer with IKKβ, but occasionally forms homodimer with IKKα itself. Knockdown of IKKα affects both canonical and non-canonical pathways. In the canonical pathway it stimulates CBF-1, leading to inhibition of tumor growth. Through the noncanonical pathway, knockdown of IKKα prevents the MAP3K14-mediated phosphorylation of p100, thereby inhibiting the processing of p100 to p52.
taken an enormous effort to identify inhibitors of IKKα using large compound libraries as well as combinational chemistry. However, no potent IKKα inhibitor has been identified so far (14) .
Among various strategies to inhibit a gene expression, small interference RNA (siRNA) represents a considerable promise for cancer therapy due to its potent and specific knockdown effect (15, 16) . In the present study, we intend to silence the IKKα expression in prostate cancer cells using synthetic siRNA and evaluate its effects on tumor cell invasiveness and growth. 
MATERIALS AND METHODS

Materials
Cell Culture
Human prostate cancer cell lines PC-3, DU-145 were purchased from American Type Culture Collection (Manassas, VA). PC-3 cells were maintained in RPMI 1640 with 10% FBS, penicillin (100unit/mL), and streptomycin (100 μg/mL), whereas DU-145 cells were maintained in DMEM with 10% FBS and same concentration of penicillin and streptomycin. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . The culture medium was changed every 2-3 days, and the cells were trypsinized when they reached 70~80% confluence. Table 1 . All siRNAs (siRNA1, siRNA2 and siRNA3) were purchased from Ambion, Inc. (Austin, TX). These siRNAs are of 19 nucleotides with two thymidine deoxynucleotide (T) 3′ overhangs. All designed siRNA sequences were blasted against the human genome database to eliminate the crosssilencing phenomenon with non-target genes. Scrambled siRNA (purchased from Ambion, Inc.) that does not target any gene was used as the negative control (NC).
Transfection of siRNA
Cells were transfected with siRNA using Lipofectamine-2000 according to manufacturer's instruction. Briefly, cells were seeded in 24-well plates at a density of 1.5×10 5 cells/ well in medium containing 10% FBS, penicillin (100unit/ mL), and streptomycin (100 μg/mL). After 12 h, cells were transfected with siRNA at a final concentration of 50nM using Lipofectamine-2000. One and a half microliters of siRNA (20 μM) were mixed with 1.2 μl lipofectamine-2000 in 200 μl of FBS free medium, and incubated at room temperature for 25 min to form a complex. The cell culture medium was then removed, and the siRNA/lipofectamine-2000 complex was added to the cells. Twenty-four hours after the transfection, medium was replaced with fresh RPMI-1640 medium containing 10% FBS, and penicillinstreptomycin. Forty-eight hours after the tansfection, cells were trypsinized for RNA and protein isolation.
Real-Time RT-PCR
Total RNA was isolated from cell pellets using TRIzol reagent (Invitrogen) as per the manufacturer's protocol. RNA (200 ng) was converted to cDNA using random hexamer, primers, and MultiScribe Reverse Transcriptase Reagent. One hundred nanograms of cDNA were amplified by Real-Time PCR using the LightCycler 480 SYBR Green I Master on the LightCycler ® 480 Real-Time PCR System (Roche Applied Science, Indianapolis, IN). The primers used for IKKα are 5′-TCTGGAACAGCGTGC CATTGATCT-3′ (forward) and 5′-ATTACTGAGGGC CACTTCCACCTT-3′ (reverse). Primers for Maspin are 5′-AGACA GACACCAAACCAGTGCAGA-3′ (forward) and 5′-ATGGTGCTGGGATTAGTCCACTGT-3′ (reverse). We used 18s ribosomal RNA as an internal control and the primers are 5′-GTCTGTGATGCCCT TAGATG-3′ (forward) and 5′-AGCTTATGACCCG CACTTAC-3′ (reverse). To confirm the PCR specificity, PCR products were subjected to a melting-curve analysis.
Comparative threshold (C t ) method was used to calculate the relative amount of mRNA of treated sample in comparison to control samples. Each sample was performed in triplicate, and the mean value was calculated.
Western Blot Analysis
PC-3 cells were transfected with the IKKα siRNA for 24 h, and the protein was isolated using RIPA buffer containing protease and phosphtase inhibitor cocktails at 48 h posttransfection. Same amount of total protein (20 μg) was used for all the samples and was separated in a 10% SDS PAGE gel. The separated proteins were transferred to a nitrocellulose membrane, blocked, and probed with appropriate antibodies. The protein bands were then visualized using horseradish peroxidase-conjugated secondary antibodies and chemoluminescence detection kit.
Wound-Healing Assay
PC-3 cells were seeded in 12-well plates at a density of 3×10 5 cells/well. After 12 h, the cells were transfected with 50nM siRNA as described above. Once the cells reached 90% confluence, a wound area was carefully created by scraping the cell monolayer with a sterile 200 μl pipette tip, from one end to the other end of the well. The detached cells were removed by washing with PBS. Then, the cells were incubated at 37°C in the incubator supplemented with 5% CO 2 . The wound-healing process was monitored microscopically over time as the cells moved into the wound area, and the images were taken from the same place at various intervals using an inverted microscope. Images taken immediately after creating the wound represent the time zero.
Cell Migration Assay and Invasion Assay
The effect of siRNA on invasiveness and metastatic potential of prostate cancer cells was evaluated using transwell migration and invasion assays as we described before (17) . Forty-eight hours after the transfection, PC-3 cells were trypsinized and resuspended in FBS-free RPMI-1640 medium. A total of 6×10 4 cells in 200 μl volume were plated in the top chamber with a non-coated polycarbonate membrane (6.5 mm diameter insert, 8.0 μm pore size, Corning Incorporated) for migration assay. RPMI-1640 medium with 10% FBS was added in the lower chamber as a chemo-attractant. After incubation for 24 h, the cells migrated to the lower surface of the membrane were fixed with 10% buffered formalin for 10 min, followed by staining with 0.2% crystal violet for 20 min. The cells that did not migrate through the pores were mechanically removed with a cotton swab. The images of migrated cells were obtained by an inverted microscope at a magnification of 200×. The numbers of migrated cells were counted from four random fields.
The invasion ability of the PC-3 cells in vitro was examined by determining the number of cells that cross the matrigel-coated transwell inserts. The process was the same as the migration assay, except that the transwell was coated with 100 μl of matrigel (0.5 mg/ml) for 4 h at room temperature. The supernatant of the matrigel was removed, and then 1×10 5 cells were plated to the transwell.
Cell Attachment Assay
This assay was conducted as we reported before (17) . Briefly, cells were trypsinized 48 h post-transfection and resuspended in FBS-free RPMI 1640 medium. Cells were plated in a 96-well plate which was pre-treated with 30 μg/ ml Type I Collagen (Becton Dickinson, Mountain View, CA) or 1% BSA for 1 h at 37°C, followed by blocking with 1% BSA at room temperature for 1 h. Cells were then allowed to attach to wells at 37°C for 1 h. The medium was removed, and attached cells were fixed with 10% buffered formalin for 10 min, followed by staining with 0.2% crystal violet for 20 min. The stained cells were then lysed in 100 μl of 1% SDS (sodium dodecyl sulfate) by shaking for 5 min. The absorbance, which is proportional to the number of attached cells, was quantitated by a spectrometer at the wavelength of 595 nm using a plate reader DTX 880 Multimode Detector (Beckman Coulter, Inc., Fullerton, CA). Cells placed in the 1% BSA-coated wells served as the control.
Cell Proliferation Assay
The effect of siRNA on cell proliferation was measured using CellTiter-Glo ® Luminescent Cell Viability Assay Kit (Progema Corp. Madison, WI) as per the instructions. Briefly, PC-3 cells (15000cells/well) were seeded in a black 96-well plate. After 12 h, cells were transfected with 50nM siRNA, and the medium was changed at 24 h posttransfection. Ninety-six hours after the transfection, the culture medium was replaced with 50 μl of CellTiter-Glo ® reagent plus 50 μl of RPMI medium. Cells were lysed by shaking on an orbital shaker for 2 min, followed by incubation at room temperature for 10 min to stabilize the luminescent signal. The luminescence was then detected using a DTX 880 Multimode Detector (Beckman Coulter, Inc., Fullerton, CA) with an integration time of 1 s.
Cell Cycle Assay
PC-3 cells were transfected with siRNA at 50nM for 24 h. Forty-eight hours after the transfection, cells were collected and fixed in ice-cold 90% ethanol for 15 min. After fixing, cells were washed with DPBS once and then stained with Propidium Iodide (PI)/RNase staining buffer for 30 min at room temperature. Cell cycle analysis was carried out with FACSCalibur Flow cytometer (BD Biosciences). The result was confirmed from three independent experiments; each group has three samples.
RANKL Treatment
In all RANKL-treated experiments, the cells were transfected with siRNA for 24 h, followed by incubation with 100 ng/ml human recombinant RANKL for 24 h.
Statistical Analysis
Data were expressed as the mean ±standard deviation (SD). Difference between any two groups was determined by ANOVA. P<0.05 was considered statistically significant.
RESULTS
Silencing of IKKα with Predesigned siRNAs
Three synthetic siRNAs (Table 1) were designed to target different regions of the human IKKα mRNA. Silencing effects of these IKKα siRNAs were examined in PC-3 cells at the mRNA level using real-time RT-PCR. A scrambled siRNA that does not target any specific gene was used as the negative control. All three siRNAs showed significant silencing effects (Fig. 2A) . Compared to the scrambled siRNA, both siRNA1 and siRNA2 exhibited a potent silencing effect up to 74%. Considering the fact that siRNA transfection efficiency may vary in different cell lines, we also examined the silencing effect in another prostate cancer cell line, DU-145, and observed similar effects as that in PC-3 cells (data not shown). Furthermore, the silencing effect at the protein level was confirmed using western blot. As shown in Fig. 2B , both siRNA1 and siRNA2 dramatically suppressed the IKKα protein expression in PC-3 cells, which is consistent with the silencing effect at the mRNA level. Consequently, siRNA1 and siRNA2 were selected for following biological studies in prostate cancer cells.
Recently, it has been shown that IKKα exerted a prometastatic effect in prostate cancer cells by repressing the transcription of the Maspin gene, which is a putative suppressor of metastasis (4) . Therefore, we investigated the effect of IKKα siRNA on Maspin, a tumor suppressor gene, expression. There was an up-regulation of Maspin in the IKKα siRNA-treated groups compared to the scrambled siRNA-treated group (Fig. 2C) .
Silencing of IKKα Inhibits Cell Motility
Given the result that IKKα siRNA up-regulates the expression of Maspin, a metastasis suppressor, we investigated the effect of IKK-α silencing on cell motility and invasiveness of prostate cancer cells. We first conducted a wound-healing assay, which is a classic in vitro assay to Fig. 2 Silencing effect of the predesigned IKKα siRNAs in PC-3 cells. PC-3 cells were transfected with the IKKα siRNAs and scrambled siRNA (NC) at a concentration of 50nM. Cells were harvested 48 h after the transfection, and the silencing effect of IKKα was determined at the mRNA level using RT real-time PCR (A). IKKα silencing was also estimated at protein level using western blot (B). The effect of IKKα silencing on the Maspin gene expression was determined using RT real-time PCR (C). (* p<0.05; ** p<0.01).
mimic the in vivo motility of cancer cells. Forty-eight hours after the transfection with siRNA, the cell monolayer was disrupted by scratching a line through the layer to simulate a wound in the cell monolayer. The time required to fill the gap (wound healing) is proportional to the cell migration rate during the in vivo wound-healing process. Cells transfected with siRNA1 and siRNA2 showed slower healing of the wound in comparison to the cells treated with scrambled siRNA (Fig. 3) . After 20 h, cells transfected with the scrambled siRNA had completely filled the gap, while the cells treated with the IKKα siRNA still had an unhealed gap, indicating that IKKα siRNA can efficiently suppress the motility of prostate cancer cells.
Depletion of IKKα inhibits cell migration and invasion
We next investigated the effects of IKKα siRNA on the migration and invasion abilities of prostate cancer cells.
Migration towards a chemo-attractant is a distinct cellular phenotype of metastatic tumor cells, and it is an essential step for tumor invasion and metastasis. After transfection with IKKα siRNA, the migration ability of PC-3 cells was examined using an in vitro migration assay, which is a simplified model to simulate the in vivo metastatic process. As shown in Fig. 4A , there was a dramatic inhibition on cell migration after silencing the IKKα expression with siRNA1 and siRNA2. Compared to the scrambled siRNA, siRNA1 and siRNA2 reduced the migration ability of PC-3 cells up to 40% and 30%, respectively.
The effect of IKKα silencing on the migration ability was also examined in the presence of RANKL, which can activate IKKα and enhance the migration of prostate cancer cells. Both siRNA1 and siRNA2 showed a more significant reduction in the number of migrated cells in the presence of RANKL (Fig. 4B) . siRNA1 reduced the cell migration ability up to 82%, and siRNA2 reduced the migration up to 47%. Fig. 3 Effect of IKKα siRNA on cell motility. A wound-healing assay was performed to evaluate the motility of PC-3 cells after silencing IKKα. The cells seeded in 12-well plate were transfected with IKKα siRNAs at 50nM. After 24 h, a line was drawn from one end of the well to the other end. The closing of the gap was monitored regularly at different time points by an inverted microscope with a magnification of 100x. Fig. 4 Silencing of IKKα inhibits the migration ability of PC-3 cells in the absence of RANKL (a) and in the presence of RANKL (b). (a) Cells were transfected with IKKα siRNAs (50nM) and scrambled siRNA (50nM) for 24 h. Fortyeight hours after the transfection, cells were trypsinized, re-suspended in a FBS free medium, and plated on the upper chamber of a trans-well. (b) Cells were first transfected with siRNA for 24 h, followed by RANK-L treatment for 24 h. Cells were then trypsinized, re-suspended, and plated on the upper chamber of trans-well. RPMI medium containing 10% FBS was added in the lower chamber as the chemoattractant. After 24 h, the cells that migrated through pores to the bottom surface of the chamber were fixed, stained, and counted. Images of the migrated cells were obtained using an inverted microscope at a magnification of 100×. Four random microscopic fields were counted for each group to calculate the degree of migration. (* p<0.05; ** p<0.01).
Additionally, matrigel-coated transwell chambers were used to investigate the invasive capacities of prostate cancer cells. Invasion assay is an in vitro assay which simulates the in vivo invasiveness and metastasis of cancer cells. As shown in Fig. 5A , PC-3 cells treated with siRNA1 and siRNA2 decreased cell invasion up to 35% and 32%, respectively. This result is in accordance with the finding in the migration assay (Fig. 4A) . The same effect on the invasion capability was also observed in PC-3 cells in the presence of RANKL (Fig. 5B ). siRNA1 and siRNA2 inhibited cell invasion up to 47% and 27%, respectively. We also performed the migration and invasion assays on DU-145 cells and found similar results (data not shown). These results indicate that IKKα siRNA can inhibit the invasiveness of prostate cancers, and the inhibition effect is more significant in the presence of RANKL.
Effect of IKKα siRNA on Cell Attachment to ECM
The importance of IKKα in cell migration and invasion suggests that it may regulate cell adhesion to ECM. Therefore, we examined the adhesion ability of prostate cancer cells to ECM, which is an important early step in the invasion and metastasis of cancer cells from its origin to the target tissue. This assay measures the interaction between tumor cells and extracellular matrix that is the major composition of cell membrane and tissue. Changes in the integrity of the basement membrane and the structure of the extracellular membrane favor the invasion and metastasis of cancer cells (18) . PC-3 cells transfected with siRNA were incubated in a 96-well plate coated with type-I collagen protein, a major component of ECM. As Fig. 6A indicated, siRNA1 and siRNA2 dramatically inhibited the adhesion of PC-3 cells to type I collagen. Plates coated with BSA were used as the negative control, and all cells showed negligible adhesions. We also investigated the effect of RANKL on the cell adhesion ability. As shown in Fig. 6B , RANKL increased the adhesion of PC-3 cells to type I collagen. In the presence of RANKL, both siRNA1 and siRNA2 reduced the attachment of PC-3 cells to type I collagen in comparison to the scrambled siRNA. Similar results were found with DU-145 cells (data not shown). These results further demonstrated the inhibitory effect of IKKα siRNA on the metastatic properties of prostate cancer cells.
Effect of IKKα siRNA on Cell Proliferation and Cell Cycle Distribution
Having determined that silencing IKKα leads to inhibition of invasiveness, we next sought to determine whether the IKKα siRNAs suppress the proliferation of prostate cancer cells. PC-3 cells were treated with the IKKα siRNA, and the cell proliferation was measured by the CellTiter-Glo Luminescent Cell Viability Assay Kit at 96 h posttransfection. Compared to cells transfected with the scrambled siRNA, cells treated with IKKα siRNAs (siRNA-1 and siRNA-2) exhibited similar growth rates and viabilities (Fig. 7a) . A similar result was also observed in PC-3 cells in the presence of RANKL (Fig. 7b) . The experiment performed in DU-145 cells gave a similar result (data not shown).
We further examined if knockdown of IKKα leads to changes in the cell cycle distribution of prostate cancer cells. As Fig. 8 showed, cells transfected with IKKα siRNAs induced a minor block in G1/G0 phase distribution compared to scrambled siRNA-treated cells. The percentages of cells in G1/G0 phase were 64.69% and 63.78% for cells treated with siRNA-1 and siRNA-2, respectively. In comparison, 62.39% of cells treated with scrambled siRNA were in G1/G0 phase. However, this difference in G1/G0 phase is not significant (p=0.09). Accordingly, there was a slight, but not significant, reduction in G2/M distribution in both siRNA-1-and siRNA-2-treated cells. This result is consistent with the cell proliferation data (Fig. 7) . Taken together, these results demonstrated that IKKα silencing has a negligible effect on prostate cancer cell proliferation. This is in accordance with a recent finding that IKKα does not induce cell proliferation in breast cancer cells (19) .
DISCUSSION
NF-κB is an important transcriptional factor which controls a variety of biological processes including inflammation, cell survival or death, and cell cycle. It is notable that aberrant NF-κB activation can lead to tumorigenesis (20) . For example, suppression of NF-κB by adenoviral vector that contains the IκB gene (an inhibitor of NF-κB) reduces the clonogenicity of prostate cancer cells (21) . IKKα is an essential regulator of the NF-κB pathway, and it is reported to mediate NF-κB downstream gene expressions by modulating the promoter regions of NF-κB-regulated genes in the nucleus (8, 22) . Activation of the IKK complex is therefore a crucial step in the activation of NF-κB. As one of the catalytic kinases in the classic IKK complex, IKKα was recently identified as a key mediator in the inflammation and metastasis of prostate cancer via down-regulating the tumor suppressor gene Maspin that is a serpin peptidase inhibitor to block tumor metastasis (4, 5, 7) . On the other hand, several lines of evidence implicate that NF-κB and NF-κB-related IκB kinases are involved in cell invasion and tumor metastasis (23, 24) . Therefore, inhibiting IKKα is a promising strategy to treat prostate cancer. In this study, we demonstrated for the first time that IKKα siRNA markedly Fig. 5 Silencing of IKKα inhibits PC-3 cell invasion in the absence of RANKL (a) and in the presence of RANKL (b). The procedure for cell invasion assay is similar to migration assay except that the trans-well was pre-coated with 100 μl of Matrigel (0.5 mg/ml) for 4 h at room temperature. The cells that invaded to the other side of the membrane were fixed and stained, while un-invaded cells were mechanically removed. Images of invaded cells were obtained at 100× magnification using an inverted microscope. Number of cells invaded was counted from four random fields of the well to calculate the extent of invasion. (* p<0.05; ** p<0.01).
decreases invasiveness of prostate cancer cells, even in the presence of RANKL, an activator of IKKα. Our findings further support the hypothesis that IKKα plays an important role in metastasis of prostate cancer.
First, we examined the silencing effect of three predesigned siRNAs in prostate cancer cells using real time RT-PCR and western blot. Two potent siRNAs, siRNA-1 and siRNA-2, were identified to investigate their biological effects on the tumor phenotypes of prostate cancer cells. It is believed that IKKα suppresses the promoter of the Maspin gene, and the expression level of Maspin in normal epithelia cells is much higher than that in malignant cells (4) . We then analyzed the effect of the IKKα siRNA on the Maspin expression in prostate cancer cells. Significant up-regulation of the Maspin was observed in PC-3 cells treated with the IKKα siRNA (Fig. 2C) , which is in agreement with the observation that IKKα inhibits Maspin (4).
We next conducted numerous experiments, including wound-healing assay, migration assay, and invasion assay, to access the effects of IKKα siRNA on the invasiveness properties of prostate cancer cells. Our studies showed that silencing of IKKα dramatically reduced the would-healing process of prostate cancer cells (Fig. 3) . When wounded, cells respond to the disruption by healing the wound through a combination of migration and proliferation (25) . The cells on the edge of the wound move toward the gap until new cell-cell contacts are reestablished (26) . Therefore, the capability of cancer cells to heal an open wound predicts their migratory ability in metastasis.
We further evaluated the migratory abilities of prostate cancer cells using a Boyden chamber assay to quantify the migration and invasion potential of prostate cancer cells upon the silencing of IKKα. As Figs. 4 and 5 showed, IKKα siRNAs significantly inhibited the migration and invasion capabilities of PC-3 cells. These results are in full accordance with a recent finding that IKKα promotes prostate cancer metastasis (4) . Using a transgenic mouse model of prostate cancer with an inactive IKKα, Luo and colleagues observed slow cell growth and inhibited metastatogenesis. IKKα exerted its pro-metastatic effect by suppressing the transcription of the Maspin gene, which is an NF-κB-independent regulation. In addition, they found that activated nuclear IKKα correlated with the metastatic progression of prostate cancer, and the expression of IKKα is the highest in stage 4 tumors which do not express Maspin (4). A similar anti-invasion effect was observed in breast cancer cells upon the knockdown of IKKα. Inhibition of IKKα also dramatically reduced the NF-κB activation (19) .
Several million cancer cells per gram of the tumor tissue can be dissociated and released into the blood and lymphatic circulations on a daily basis (27) . In order to metastasize to a new place, the disseminated cancer cells must re-establish an adhesive connection to the endothelium in the target tissues (28) . Metastasis is mediated through the expression of numerous adhesion molecules, such as integrin, (29) ICAM-1, VCAM-1, and ELAM-1 (30) , where the later ones are regulated by NF-κB. Therefore, we performed cell attachment assay and observed reduced attachment of PC-3 cells to ECM after the treatment with IKKα siRNA (Fig. 6a) . A similar result was also observed in DU-145 cells (data not shown). The implication of integrin in cellular functions is based on the type of integrins. For example, α2β1 and α3β1 integrins mediated epithelial cell adhesion to basal lamina (29) and are down-regulated in carcinomas (31, 32) . On the contrary, αvβ3 (33) and α6β4 (34) integrins are up-regulated in carcinomas where they promote migration, invasion, and proliferation.
Since the infiltrating immune cells expressing RANKL induce activation and nuclear translocation of IKKα in prostate cancer cells to inhibit the tumor suppressor gene Maspin, we investigated whether IKKα siRNA can exert the same anti-invasive activity in the presence of RANKL. As shown in Figs. 4B, 5B and 6B, inhibiting IKKα expression reduced the stimulation effect of RANKL on cell migration, invasion and attachment to ECM. Expression of RANKL is low in normal cells, but significantly high in prostate cancers. It is also reported that androgenindependent prostate cancer cells exhibit a higher level of RANKL compared to androgen-dependent cells (35) . In addition, most of the androgen-independent prostate cancers express IKKα. Consequently, silencing IKKα is a promising strategy to reverse the metastatic effect caused by RANKL, especially in the androgen-independent prostate cancer cells.
Tumor metastasis requires that the neoplastic cells have the capability to interconvert genetically between proliferative and invasive phenotypes, or just express both the phenotypes simultaneously (36, 37) . IKKα serves as a promoter for tumor metastasis in prostate cancer and regulates the inflammation through an independent pathway (38) . Certain oncogenes, such as RAS, MAPK (mitogen-activated protein kinase) and MYC family members, cause remodeling of the tumor microenvironment through recruitment of leukocytes, expression of tumor-promoting chemokines and cytokines, or induction of an angiogenic switch (39, 40) . Invasive cells signal through the MAPK pathway, whereas highly proliferative cells use the Myc pathway. The Ras-MAPK and phosphatidylinositol 3-kinase-Akt (PI3K-Akt) pathways are associated with the phenotypes of invasive cells, but not the highly proliferative cells (36) . Our results suggest that IKKα may regulate tumor invasion by the Ras-MAPK and PI3K-Akt pathways.
The effect of IKKα on tumor cell proliferation is contradictive (19, 41) . Karin and colleagues explored the role of IKKα in breast cancer and demonstrated that IKKα is a regulator of mammary epithelial proliferation (41) . However, a contrary result was observed in breast cancer by Baldwin and his group (19) . We performed the proliferation assay in PC-3 cells after the suppression of IKKα with siRNA. As Fig. 7 showed, there was no significant reduction in cell proliferation in the cells (in the absence or presence of RANKL) treated with IKKα siRNA in comparison to the control group. This result is in agreement with a recent report that knockdown of IKKα did not affect the proliferation of breast cancer cells, but caused a significant reduction in cancer cell invasion (19) . To further confirm these results, we performed cell cycle analysis. Although we observed a slightly high distribution in G1/G0 phase in the cells treated with IKKα siRNA, the difference is not statistically different from the control group. These results suggested that IKKα siRNA has a negligible effect on cell proliferation of PC-3 cells.
In conclusion, results from this study provided significant evidence that IKKα plays a major role in the invasion and metastasis of prostate cancer cells; however, it poorly affects the prostate cancer cell proliferation. Considering the fact that the major risk faced by prostate cancer patients is the development of metastasis (1), the IKKα siRNA may provide a very promising approach for prostate cancer therapy.
